ABSTRACT This paper presents a spherical actuator-based hand-held device that provides lateral force feedback for user interaction with the touch screen. The spherical actuator is built around a ball containing the magnetorheological elastomer (MRE). This design of the actuator not only allows it to move in multiple degrees of freedom but also realizes its direct interaction with the touch screen and enhances its lateral force feedback capability by utilizing the conductive and soft characteristics of the MRE. Meanwhile, using the magnetically conductive properties of the MRE, the lateral force can be controlled by current. In this paper, we introduced the overall structure of the device, described the fabrication of the MRE, and tested the relative permeability and surface friction properties of the MRE. Then, based on the structural parameters obtained by lateral force modeling and finite element analysis, we fabricated a prototype of the actuator and determined the lateral force control method through calibration tests. Finally, through physical measurements and psychophysical experiment, we comprehensively evaluated the lateral force performance of the actuator and its ability in displaying virtual surface friction. The experimental results confirm the effectiveness of the actuator in interacting with the touch screen and displaying the virtual surface friction characteristics.
I. INTRODUCTION
As an indispensable part of smart devices, touch screens provide a more direct physical input channel for interactions between humans and virtual environments than traditional mouse and keyboard. A user can easily manipulate virtual objects displayed on the touch screen by clicking, dragging, and zooming with single or multiple fingers. However, since the touch screen is a flat and featureless plane, the user can only interact with the virtual object under visual guidance, and cannot obtain an intuitive tactile sensation like touching a real object [1] . When there is no visual guidance, such as a blind person, the user can hardly interact with the virtual object displayed on the touch screen.
To enhance the realism of interaction and expand the range of applications, more and more research attempts to provide haptic feedback for the user interaction with the touch screen [1] - [4] . One of the research hotspots is to display the surface friction of a virtual object on the touch screen. In the field of haptics, friction is generally presented as a lateral force that impedes sliding on the surface and is perceived by the resulting skin lateral deformation and/or proprioception [5] . Therefore, some studies create variable lateral forces for sliding of bare fingers on the touch screen without changing the overall appearance of the smart device, thereby displaying surface friction features. For example, ultrasonic vibration and electrostatic attraction are well-known methods for adjusting the friction between the fingertip and the touch screen. By adhering a very thin piezoelectric ceramic layer on a glass plane and driving the plane vibration at an ultrasonic resonance frequency, a highpressure air squeeze film is produced between the fingertip and the glass plane, which reduces the friction [6] . The magnitude of the friction can be dynamically controlled by modulating the vibration amplitude of the plane. In addition, there are also many studies that use high-frequency vibration to change the contact friction, such as surface acoustic wave [7] .
Electrostatic attraction includes both electrovibration [8] , [9] and electroadhesion [10] . They all incorporate a transparent electrode between the touch screen and the transparent insulating layer. The difference lies in the type of driving voltage, that is, the former is an alternating voltage and the latter is a direct voltage. When the transparent electrode is applied with a voltage and a grounded dry finger contacts the insulating layer, an induced electric field is generated on the skin of the fingertip. The electrostatic attraction force generated by the electric field increases the friction between the fingertip and the insulating layer. When the fingertip passes over the insulating layer, the user feels the change in friction caused by the electrostatic attraction. Although electrovibration and electroadhesion eliminate mechanical vibration feedback, users need to use their fingers to slide on the surface to feel tactile feedback. When the user's finger does not move, the electrostatic attraction is too weak to be perceived. In addition, both ultrasonic vibration and electrostatic attraction change the state of the entire screen during friction display and provide the same tactile feedback effect for each contact point. Therefore, these methods are primarily used for the interaction of a single finger with a small touch screen device, and do not provide locally varying friction for multiple points of contact. In order to provide tactile feedback for multi-finger or multi-person interaction with a large-size touch screen, Nakamura and Yamamoto added an independently controllable contact pad between each finger and the insulating layer to achieve multi-finger electrostatic friction perception [11] .
In addition to improving the touch screen, the use of haptic devices to provide lateral force feedback for user interaction with the touch screen is also a promising method of friction display. For example, Marquardt et al. [12] integrated a rubber plate at the bottom of a hand-held haptic tabletop puck. A mechanical braking force that limits lateral movement of the user is created by controlling the contact of the rubber plate with the surface. Saga and Deguchi [13] combined the force display system SPIDAR with a smart device to display the friction and geometry of the virtual object surface by controlling the lateral force experienced by the user's finger as it slides along the surface of the touch screen. Using the Cobot architecture, Price and Sup [14] designed a mouse-like display device with kinesthetic feedback function. By actively controlling the steering angle of the urethane wheel, the device adjusts the friction experienced by the user in the direction of motion and achieves virtual boundary constraints and path following on the touch screen.
In addition, at least three studies created lateral force feedback by controlling the rolling of the ball on the surface. Wintergerst et al. [15] designed a simple pen-type device consisting of an electromagnetic coil and a steel ball. By controlling the attractive force between the electromagnetic coil and the steel ball, a user feels the variable lateral force. Since the coefficient of friction between the steel ball and the touch screen is small, this method requires a soft PVC film on the touch screen to ensure that the steel ball rolls on the touch screen instead of sliding. However, this compromises the convenience and portability of touch screen interaction. Besides, the lateral force performance of the device was not evaluated. Similarly, Culbertson et al. [16] also integrated a steel ball into the end of a pen-type device. The difference is that the solenoid integrated in the pen needs to transmit pressure to the steel ball through a plunger to control the lateral friction of the steel ball as it rolls on a rubberized surface. The pen provides a lateral force feedback of up to 1.73 N and displays a maximum coefficient of friction of 0.52. However, due to the limitation of the rated power of the solenoid, the range of friction coefficient displayed by the pen is affected by the pressing force of the user. Furthermore, taking advantage of the large coefficient of friction between the rubber ball and the surface, Kianzad and MacLean [17] employed four miniature DC motors to control the lateral force of the rubber ball as it rolls on a two-dimensional plane through gears and drive rods, enabling motion direction guidance and path following. However, the use of transmissions increase the volume and structural complexity of the device.
Ball-based actuators have the advantage of multi-degree of freedom (multi-DoF) motion and can naturally perform 3-DoF rotational motion in a single joint. Therefore, applying a spherical actuator to the touch screen interaction will reduce the use of the transmission mechanism, making the haptic device compact and easy to miniaturize [18] . At the same time, the spherical actuator has an infinite motion space in a two-dimensional plane and provides local force feedback for multi-point interaction. The three solutions described above all rely on active actuators to control the motion of the ball on the surface. However, none of these devices can directly interact with the touch screen, and they only produce small lateral force feedback.
In this paper, we developed a hand-held haptic device based on a spherical actuator that interacts directly with the touch screen and displays the frictional characteristics of the virtual surface by providing the user with a variable lateral force. The main contributions of this paper are as follows: (1) Using the electrically conductive and magnetically conductive properties of the magnetorheological elastomer (MRE) and the high coefficient of friction with the touch screen, we designed a passive spherical actuator. (2) We made an isotropic natural rubber-based MRE and used a simple magnetic circuit analysis method to determine the relative permeability of the MRE through experiments. Next, we also investigated the effect of magnetic field and motion velocity on the surface friction coefficient of MRE. (3) We derived the calculation model of the lateral force and used finite element analysis (FEA) to optimize and determine the structural parameters of the spherical actuator. From this, we fabricated a prototype of the spherical actuator and obtained a current-based lateral force control method. (4) Through physical measurements and psychophysical experiment, we comprehensively evaluated the lateral force feedback performance of the spherical actuator and its ability in displaying virtual surface friction. The experimental results show that the spherical actuator can be used to display the friction characteristics of the virtual surface on the touch screen. Fig. 1 shows a scenario in which a user interacts with a touch screen using the hand-held haptic device. The device is a self-contained system that integrates a rechargeable battery, control circuits, and a Bluetooth module that communicates with the smart device. A spherical actuator is mounted at the bottom of the device to provide lateral force feedback for the user's movement on the touch screen. At present, the widely used capacitive touch screen requires a certain conduction current to detect the position where the interaction occurs, so the ball in contact with the touch screen should be electrically conductive. In addition, the ball should also have a large coefficient of friction with the touch screen to increase the magnitude of the lateral force feedback. Based on this, we have specially designed the ball. Fig. 2 shows a structure schematic of the spherical actuator. The outer part of the steel ball is covered with a layer of MRE, which we call the MRE ball. MRE is a new branch of magnetorheological (MR) materials, which is a composite material formed by dispersing micron-sized soft magnetic particles in a polymer medium [19] . Under the action of a magnetic field, the surface properties of the MRE can be changed, and the MRE exhibits an MR effect. When the magnetic field is removed, the MRE restores its original characteristics. Therefore, MRE is also known as the solid counterpart of MR fluid. By solidifying and locking the magnetic particles in the polymer matrix, the MRE is less susceptible to particle settling and wear and has the flexibility of the elastomer. Compared with ordinary MR fluid, MRE not only has the advantages of stable performance and no need for sealing, but also retains the magnetic field dependence characteristics of MR materials, such as controllable modulus and damping [20] . Therefore, the soft, electrically conductive, magnetically conductive properties make the MRE an ideal material for designing the spherical actuator that can be used to directly interact with the touch screen and display the virtual surface friction characteristics.
II. DESIGN OF THE HAND-HELD DEVICE AND THE SPHERICAL ACTUATOR
In addition to the MRE ball, the components of the actuator also include an upper stator casing, a spacer ring, a lower stator casing, an annular spacer, an annular stator, a housing, a coil, a ball bearing, and three screws. Among them, the steel ball, the upper stator casing, the lower stator casing, the annular stator, and the housing are all made of electromagnetic pure iron (DT4) with high magnetic permeability, which together constitute the yoke. The spacer ring and the annular spacer are made of aluminum alloy with a low magnetic permeability to adjust the magnetic flux path and reduce magnetic flux leakage. The coil is wound on the radially outer surface of the lower stator casing and the annular stator by an enameled wire with a diameter of 0.3 mm. The ball bearing is used to determine the position of the MRE ball in the actuator, and to reduce the resistance of the MRE ball as it rotates. In addition, a force sensor is integrated in the upper part of the connection between the spherical actuator and the hand-held device. The force sensor (FSS020WNSR, Honeywell International Inc.) is a small pressure sensor with a measurement range of 0 to 20 N and a resolution of 0.01 N , which is used to measure the pressing force applied by the user.
By controlling the excitation current applied to the coil, the attractive force between the steel ball and the camber portion of the upper and lower stator casings can be varied, thereby changing the friction between the outer surface of the MRE ball and the curved surface of the stator. As the MRE ball rolls over the touch screen, the smart device sends a current control command to the hand-held device based on the frictional characteristics of the virtual surface to cause the actuator to generate a corresponding lateral force.
III. FABRICATION AND PERFORMANCE TESTING OF THE MRE A. FABRICATION OF THE MRE
MRE can be classified into two types, isotropic and anisotropic, according to different configurations of magnetic particles inside the polymer matrix. The isotropic MRE is cured without an external magnetic field, and the magnetic particles are uniformly dispersed into the polymer, which makes it exhibit consistent magnetic field response characteristics. Anisotropic MRE requires the application of a uniaxial magnetic field to the mixture during crosslinking so that the magnetic particles form chains or columns structure in the direction of the magnetic flux. Anisotropic MRE usually exhibits a more pronounced MR effect than an isotropic MRE under the action of a magnetic field, that is, a larger modulus VOLUME 7, 2019 change, and thus is widely used in the design of devices such as dampers and vibration isolators [20] . In order to consistent the force feedback, we need the MRE ball to produce a stable lateral force that does not change with the direction of rotation under the influence of a magnetic field. That is, the magnetic permeability of the MRE does not change with the direction of the magnetic field. However, the magnetic permeability of the anisotropic MRE is affected by the direction of the magnetic field, and the maximum magnetic permeability is obtained when the direction of the magnetic field is parallel to the direction of the particles chain [21] . Therefore, this study produced the MRE with an isotropic structure.
Although MRE has gained more and more attention in recent years, commercialized MRE has not yet appeared due to the complexity of the manufacturing processes and the diversity of field-dependent characteristics. Three components are commonly used to make MRE: magnetic particles, flexible matrices, and additives. The magnetic particles mainly employ carbonyl iron particles (CIPs) having high magnetic permeability, low residual magnetization, and high saturation magnetization. In order to pursue a large controllable modulus range and excellent MR effect, most studies have used silicone rubber as the matrix to make MRE. For example, under an applied magnetic field of 1 T , the relative MR effect of the silicone rubber-based MRE reaches 878 percent [22] . However, in practical applications, MRE is also required to have good mechanical properties. Especially for the actuator designed in this study, the MRE ball needs to roll back and forth on the touch screen, and relative motion and friction between the MRE and the stator will occur. The silicone rubber-based MRE is prone to wear and tear during this series of motions, so it does not meet the demand.
In this study, natural rubber that achieves nearly 10 times of silicone rubber in terms of tensile strength and tear strength was selected as the matrix of MRE [23] . The CIPs were supplied by BASF, Germany, with an average diameter of 3 µm. The mass fraction of the raw materials in the MRE is: 70 percent CIPs, 20 percent matrix, and 10 percent plasticizer. When making an isotropic MRE, the natural rubber was first processed in a rubber mixer, and the natural rubber gradually became a viscous body under the action of the pressing force. Then, the three ingredients were mixed together and stirred uniformly, and the bubbles inside the mixture were evacuated by a vacuum chamber. Finally, the mixture and a steel ball made of DT4 were placed in a spherical mold as shown in Fig. 3 , and cured at room temperature for 24 hours to obtain a MRE ball. In Fig. 3 , both the upper and lower molds are made of resin by 3D printing. There are three support rods in the spherical surface of the lower mold to determine the position of the steel ball in the MRE ball. The excess MRE will flow into the chamber during the process of pressing the upper and lower molds. The cured MRE ball also needs to be repaired and polished to obtain a complete and smooth MRE ball. In addition, we also produced a planar MRE sample for testing the magnetic permeability and surface friction characteristics of the MRE. 
B. MEASUREMENT OF RELATIVE PERMEABILITY
In order to achieve lateral force control and to guide the structural design of the spherical actuator, it is necessary to determine the relative permeability of the MRE under different magnetic fields. We use a simple magnetic circuit analysis method to determine the relative permeability of the MRE through experiments [24] . Fig. 4 shows a test apparatus for measuring the relative permeability of MRE, which is mainly composed of a yoke and a coil. The yoke retained a 1.5 mm gap for placement of the MRE sample. The coil was made by winding 1150 turns of enameled wire having a diameter of 0.3 mm on the yoke. At a maximum current of 1 A, the yoke produces a magnetic flux density of 0.87 T in the air gap. A portable Tesla meter (HT20, Shanghai Hengtong Magnetoelectricity Co. Ltd) was used to measure the magnetic flux density in the gap. The Tesla meter measures DC flux from 0 to 2 T with a resolution of 0.1 mT . During the test, the current was increased from 0.05 A to 1 A in steps of 0.05 A. For each current value, the magnetic flux density B g1 of the air gap was first measured with the Tesla meter. Then, the MRE sample and the probe of the Tesla meter were simultaneously placed in the gap, and the magnetic flux density B g2 applied to the MRE sample was measured. At the same current, the MRE sample always achieved a higher magnetic flux density than air due to the presence of magnetic particles. According to the Ampere's law, when a current I is applied to the N -turn coil, the relationship between the magnetomotive force F a of the magnetic circuit and the corresponding magnetic field strength can be obtained [25] :
where H is the magnetic field strength and l is the length of the magnetic flux path. The subscripts y and g represent physical characteristics corresponding to the yoke and the gap, respectively. According to the B-H relationship of the material (B = µ 0 µ k H , µ 0 is the vacuum permeability, µ k is the relative permeability of the material), and combined with the law of magnetic flux conservation =BA (where A is the effective cross-sectional area), (1) can be expressed as:
If the relationship between the magnetomotive force F a and the magnetic flux in (2) is analogous to the relationship between the voltage V and the current I in a circuit, then the reluctance of the magnetic circuit in the yoke and gap can be defined as:
For a given current level, (2) can be written as:
where subscripts 1 and 2 represent air and MRE sample in the gap, respectively. In (3), the change in the test object within the gap causes R g to be a varying value. For R y , Fig. 5 shows the B-H relationship curve and the relative permeability-H relationship curve of DT4 used to make the yoke. It can be seen that as the magnetic field strength increases, the magnetic flux density first increases rapidly and increases slowly after reaching 1.5 T , while the relative permeability of DT4 undergoes a process of increasing first and then decreasing. According to the structural dimensions of the yoke, it is known that l y and l g are 121.5 mm and 1.5 mm, respectively, and the effective cross-sectional area of the magnetic flux is A y =A g =225 mm 2 . Therefore, according to (3) and the relative permeability of DT4, the tendency of the reluctance R y in the yoke to change with the magnetic flux density can be calculated as shown in Fig. 6 . It can be seen that when the magnetic flux density applied to the yoke is greater than 1.5 T , R y increases significantly, which will cause the magnetomotive force to mainly act on the yoke rather than the air or MRE sample in the gap. It can also be seen from (4) that when R y is significantly increased, the change in R g with and without the MRE sample will no longer be significant. Therefore, in order to sensitively measure changes in magnetic flux density due to material changes in the gap, R y should be kept at a small value. In this test, we defined the maximum magnetic flux density applied to the yoke to be 1.5 T . At the same time, for the convenience of calculation, when the magnetic flux density in the yoke is less than 1.5 T , we think that R y1 is equal to R y2 and has an average value of 217453.82 H −1 . Thus, (4) can be written as:
Since the relative permeability of the air, the effective cross-sectional area A g of the gap, and the gap thickness l g are both known, the reluctance R g1 of the air in the gap can be determined to be 5305164.77 H −1 . The calculated R g1 is about 24.4 times that of R y1 , so the assumption that R y1 and R y2 are equal will not have a significant impact on the determination of the relative permeability of the MRE. The relative permeability of the MRE can be determined from (3):
According to (5) and (6), the relative permeability of the MRE sample at a certain current level can be calculated by measuring the magnetic flux density in the gap with and without the MRE sample.
According to the test procedure described above, 14 trials were performed. When the current value reached 0.7 A, the magnetic flux density applied to the yoke was greater than 1.5 T , so we did not conduct subsequent tests. Fig. 7 shows the relationship between the relative permeability of MRE and the magnetic flux density B. The equation obtained by the least squares curve fitting method is:
In Fig. 7 , the relative permeability of the MRE decreases nonlinearly with increasing magnetic flux density, and gradually becomes stable. The reason for this phenomenon may be that CIPs accumulate under the action of the magnetic field, resulting in an increase in the cross-sectional area of the non-magnetically conductive matrix in the magnetic field, thereby increasing the magnetic resistance. It can also be seen from the test results that the MRE has a higher relative permeability than the natural rubber used to manufacture the MRE, so the use of the MRE to design the spherical actuator reduces the power consumption and volume of the actuator.
C. INFLUENCE OF MAGNETIC FIELD AND VELOCITY ON THE FRICTION COEFFICIENT OF MRE SURFACE
The lateral force experienced by the user when moving on the touch screen using the hand-held device is caused by the friction between the outer surface of the MRE ball and the curved surface of the stator. By controlling the friction between the two, the spherical actuator provides the user with the required lateral force feedback. However, the surface friction characteristics of the MRE are not stable, but vary with the magnetic field and the speed of motion [26] .
The apparatus shown in Fig. 8 was used to measure the FIGURE 8. Apparatus for testing surface friction characteristics of MRE.
effect of the magnetic field and velocity on the surface friction coefficient of the MRE. Under the control of the motor controller, a linear stage drove the slide platform to move left and right at a certain speed on the guide rail through the lead screw. The MRE sample with a thickness of 1.5 mm was fixed to the slide platform by two square rods. A DT4 plate was glued between the slide platform and the MRE sample. The bracket was fixed to the base of the linear stage by screws. A 6-axis force/torque sensor [27] with a cross-beam structure was fixed to the lower part of the bracket beam by screws, and its position could be adjusted up and down. A data acquisition card (USB-4620, Smacq Technologies. Co., Ltd.) with a sampling rate of 250 kSa/s was employed to collect data from the force/torque sensor. A solenoid with iron core was threaded onto the calibration pillar of the force/torque sensor. The core had a diameter of 10 mm, and its lower cross section was smooth and in direct contact with the MRE surface. Two DC power supplies were employed to power the force/torque sensor and the solenoid. The test set increased the magnetic flux density applied to the MRE from 0 to 0.7 T in steps of 0.1 T and drove the slide platform motion at 10, 40, 70, 100 mm/s, respectively. Before each experiment, the magnetic flux density applied to the MRE in contact with the core was measured by the Tesla meter, and the target magnetic flux density was obtained by adjusting the current input to the solenoid. When the target magnetic flux density was greater than 0.2 T , a flatplate NdFeB permanent magnet with a residual magnetization of 1.25 T was added between the DT4 plate and the slide platform. Under the joint action of the permanent magnet and the solenoid, the magnetic flux density applied to the MRE can reach 0.7 T .
In this test, when no magnetic field was applied, a prepressure of 1 N was generated between the lower surface of the core and the MRE sample by the vertical movement force/torque sensor to calculate the coefficient of friction. In addition to this, the lower surface of the core was kept just in contact with the MRE sample. The test calculated the surface friction coefficient of the MRE based on the normal attractive force and lateral frictional force measured by the force/torque sensor. Five measurements were made for each combination of magnetic flux density and moving speed, and the measurement results are shown in Fig. 9 . By fitting the surface in Fig. 9 , the equation for the coefficient of friction λ as a function of the magnetic flux density B and the velocity v can be obtained as follows:
In Fig. 9 , the coefficient of friction of the MRE is affected by the magnetic field and velocity, wherein increasing the magnetic field reduces the coefficient of friction, but increasing the speed of motion increases the coefficient of friction. As the speed of motion increases, the surface friction coefficient first increases and gradually stabilizes after 70 mm/s. The magnetic field has a more pronounced effect on the coefficient of friction relative to velocity. It can be seen from the figure that as the magnetic flux density increases, the friction coefficient decreases remarkably and tends to be stable after 0.6 T . Under the action of the magnetic field, CIPs will aggregate to make the MRE sample hard and reduce the surface viscosity, thus reducing the friction coefficient [26] . In addition, MRE generally has a certain MR effect under the action of magnetic field, which is manifested by the effect of magneto-induced shear modulus on lateral force [23] . However, since the MR effect of isotropic MRE is weak, the friction coefficient is mainly affected by the magnetic flux density. Experimental results such as [22] and [23] both indicate that the maximum increase in the shear modulus of the natural rubber-based isotropic MRE caused by the MR effect is only about 9 percent. Therefore, the influence of the MR effect on the lateral force can be ignored in this study, and the shear modulus of the MRE is considered to be constant for the magnetic flux density. When the magnetic flux density is greater than 0.6 T , the particle aggregation process of CIPs is gradually completed, so that the influence of the magnetic field on the friction coefficient tends to be stable. The phenomenon in which such magnetic particles aggregate under the action of a magnetic field causes the friction coefficient and relative permeability of the MRE to exhibit a similar change process.
From the above performance test results for MRE, it can be seen that controlling the lateral force of the spherical actuator by current is a complicated process, and we will guide the design of the spherical actuator according to the measurement results of Figs. 7 and 9.
IV. PROTOTYPE IMPLEMENTATION AND LATERAL FORCE CONTROL A. COMPUTATIONAL MODEL OF THE LATERAL FORCE
As can be seen from the third section, the lateral force is mainly controlled by the magnetic field and is affected by the velocity of motion. In order to correctly output the lateral force when interacting with the touch screen, a computational model of the lateral force with respect to the magnetic field and the velocity of motion is required. Furthermore, the computational model can also be used to determine the structural parameters of the spherical actuator. Fig. 10 shows a simplified structural diagram of the complete magnetic circuit geometry of the actuator. We denote by r the radius of the steel ball, R the radius of the MRE ball. The heights of the bottom housing, the lower stator casing, the spacer ring, and the upper stator casing are denoted by h 1 When using the spherical actuator to move laterally on the touch screen, the user typically applies a certain amount of force to press the screen. If the lower surface of the MRE ball in Fig. 10 is in full contact with the arc surface of the stator, the user's pressing force will increase the lateral force of the spherical actuator due to a certain coefficient of friction between the MRE and the arc surface. However, the lateral force caused by the pressing force in this case is uncontrollable. In order to achieve independent and precise control of the lateral forces, it is necessary to eliminate or minimize the lateral force caused by the user's pressing force in the structural design of the actuator, that is, to eliminate the coupling between the pressing force and the lateral force. To this end, the upper and lower stator casings are designed adjacent to the upper portion of the MRE ball in Fig. 10 , with the lower surface of the spacer ring aligned with the horizontal centerline of the MRE ball. It should be noted that the user's pressing force should affect the lateral force of the actuator during use, but we hope that the lateral force caused by the pressing force is controllable. The force sensor described in Section II is used to detect the force of the user pressing the screen. The effect of the pressing force on the lateral force will be achieved by controlling the friction VOLUME 7, 2019 between the MRE ball and the arc surface of the stator. The following relationship can be obtained from Fig. 10 :
In addition, in order to obtain an ideal force feedback effect, the magnetic flux density applied to the MRE should be kept uniform. According to the magnetic flux conservation law of the magnetic circuit =BA, magnetic fluxes passing through the upper and lower stator casings are equal. Therefore, the surface area of the curved part of the upper and lower stator casings should be equal, so the following equation can be obtained:
When the MRE ball rotates, the output torque T out of the spherical actuator can be expressed as:
where T n is the torque caused by the attraction between the steel ball and the curved portion of the stator, T τ is the torque caused by the MR effect of the MRE, and T f is the mechanical friction torque. Since the MR effect of the MRE is very weak, we ignore the T τ in the calculation. The magnetic attraction force F between the steel ball and the curved portion of the stator can be expressed as an empirical formula:
where B is the average magnetic flux density applied to the MRE between the steel ball and the curved portion of the stator, A is the effective cross-sectional area of the magnetic field activated region, and µ 0 is the vacuum permeability. Thus, in conjunction with (10)- (12), the torque when the MRE ball rotates around the x/y axis shown in Fig. 2 can be expressed as:
where λ is the coefficient of friction between the outer surface of the MRE and the curved portion of the stator. For any point on the outer surface of the MRE ball in Fig. 2 , r arm = R (cos β) 2 + (sin α · sin β) 2 is its moment arm on the x/y axis. Further, the formula for calculating the lateral force of the spherical actuator is:
B. FEA AND STRUCTURAL OPTIMIZATION
We want to design a small spherical actuator that should produce lateral force feedback of more than 3.5 N with low energy consumption. To this end, the ANSYS Maxwell software was employed to perform 3D FEA of the structure of the spherical actuator. In order to quickly determine and optimize structural parameters through FEA, some of the actuator's design specifications needed to be specified. First, the radii of the steel ball and the MRE ball were set to 5.5 mm and 6.5 mm, respectively. The height of the spacer ring was set to 2 mm. Thus, the target torque was calculated to be 22.75 mNm, and β 3 was 0.313 rad. Then, the relationship between the friction coefficient and the magnetic flux density at the moving speed of 10 mm/s in Fig. 9 was applied to (13) to calculate β 0 required to reach the target torque. The MATLAB was used to execute this calculation program. At each magnetic flux density level, the calculated β 0 is shown in Fig. 11 . Among them, the target torque cannot be achieved when the magnetic flux density is 0, 0.1, and 0.2 T . According to the calculated β 0 , (7), and the thickness of the components calculated by (9) , the number of coil turns required to apply a specific magnetic flux density to the MRE can be obtained by FEA (the excitation current in the coil is 1 A). The number of turns obtained by the simulation is also shown in Fig. 11 . In Fig. 11 , as the magnetic flux density increases, the magnitude of β 0 decreases gradually, and the number of coil turns increases approximately linearly. The decrease of β 0 is the decrease of the thickness of the upper stator casing, that is, the distance between the upper stator casing and the touch screen is gradually increased when the MRE ball contacts the touch screen. The increase in the number of coil turns means that more power is required to produce the target torque for the actuator. To reduce power consumption, the magnetic flux density applied to the MRE should be reduced. However, excessive reduction of the magnetic flux density will cause the upper stator casing to gradually approach the touch screen, which not only makes the two easy to contact, but also reduces the contact area between the MRE and the touch screen, thereby affecting the lateral force feedback. Therefore, the determination of β 0 and the number of coil turns needs to be considered comprehensively. To simplify the design process and ensure that the MRE ball has sufficient contact space with the touch screen, β 0 is chosen to be 2.356 rad. According to (8) and (13), the magnetic flux density required to be applied to the MRE is calculated to be 0.455 T , and β 1 , β 2 , β 3 , and β 4 are 1.159 rad, 0.412 rad, 0.313 rad, and 0.473 rad, respectively. Then, through the FEA, the number of coil turns is determined to be 380.
From the parameters determined above, the structural parameters of other components in the yoke can be further obtained by FEA. Since all of the components in the yoke are made of DT4, it can be seen from Fig. 5 that our optimization goal is to make the maximum magnetic flux density applied to the yoke no more than 1.5 T . After several rounds of structural simulation and analysis under given conditions [28] , [29] , the optimized structural specifications can be obtained as shown in Table 1 . When the coil is energized by the current of 1 A, the result of the 3D FEA is shown in Fig. 12 . It can be seen that the magnetic flux density applied to the MRE is about 0.454 T , and the maximum magnetic flux density in the yoke is about 1.5 T . The simulation results show that the structural design of the actuator is reasonable and the magnetic circuit design is effective.
C. CURRENT-BASED LATERAL FORCE CONTROL
Based on the structural dimensions obtained by FEA, we fabricated a prototype of the spherical actuator as shown in Fig. 13 . In actual use, the lateral force of the spherical actuator is controlled only by current, so we performed a calibration test on the actuator to determine the tendency of the lateral force to vary with current and speed of motion. The experimental setup shown in Fig. 8 was used for this test. No modifications were made to the experimental setup other than replacing the solenoid with the spherical actuator prototype. In addition, by vertically moving the force/torque sensor, a pre-pressure of 5 N was set between the MRE ball and the MRE sample to ensure that the MRE ball rotates on the surface of the MRE at different lateral force levels. During the test, the current gradually increased from 0 to 1 A in steps of 0.1 A and then decreased in the same step size. Meanwhile, for a certain current value, the slide platform was driven at a speed of 10, 40, 70, 100 mm/s, respectively. The force/torque sensor recorded the lateral force output by the actuator at a certain current level and speed level. The test results are shown in Fig. 14 by averaging the lateral forces recorded during the steady motion of the slide platform. In addition, the simulation results of the lateral force calculated by FEA and MATLAB are also shown in Fig. 14 .
In Fig. 14 , the lateral forces at the four speed levels increase with increasing current, and the magnitude is primarily controlled by the current. At the speed of 10 mm/s, the minimum lateral force of the actuator is 0.346 N . Since we have specially designed the structure of the spherical actuator, the lateral force can be considered to be unaffected by the pre-pressure. Therefore, the minimum lateral force is mainly caused by the mechanical friction between the outer surface of the MRE ball and the curved surface of the stator. At the speed of 100 mm/s, the maximum lateral force of the actuator is 4.608 N . It can be seen from the results that the lateral force output capability of the spherical actuator meets the design requirements. In addition, there is also hysteresis in Fig. 14 . This is because the yoke made of ferromagnetic material is magnetized under the action of a magnetic field, thereby affecting the lateral force [30] . For example, the maximum deviation of the lateral force caused by hysteresis can be calculated from Fig. 14(d) to be 0.486 N , reaching 10.55 percent of the maximum lateral force. Some studies have used the method of combining an active actuator with a passive actuator [31] , [4] , or by integrating a Hall sensor inside the actuator [30] to eliminate the deviation of the output force caused by hysteresis. However, since the spherical actuator designed in this paper has a small structure and the working area is spherical, we have not further optimized the lateral force of the actuator. Based on the FEA results, we can get the 3D scatter plot shown in Fig. 15 . By fitting the surface of the scatter plot, the equation for the current I variation with the velocity v and the lateral force F l can be obtained as follows:
When the spherical actuator is used to display the frictional features of a virtual surface on the touch screen, the touch screen detects the motion speed of the actuator while the virtual model calculates the target lateral force. Therefore, the current driver in the hand-held device will apply a control current to the spherical actuator according to (15) . 
V. OBJECTIVE AND SUBJECTIVE PERFORMANCE EVALUATION
As an actuator for touch screen applications, it is important to investigate the characteristics of its interaction with the touch screen, and to evaluate the performance of its lateral forces. To this end, we first determined the maximum coefficient of friction between the spherical actuator and the touch screen. Then, through the friction display experiment, we thoroughly evaluated the performance of the spherical actuator from both objective and subjective aspects. 
A. EXPERIMENT 1: MEASUREMENT OF THE MAXIMUM KINETIC FRICTION COEFFICIENT
To properly use the spherical actuator to interact with the touch screen, it is necessary to determine the maximum kinetic friction coefficient between the MRE ball and the touch screen. The experimental setup shown in Fig. 8 was used for this test. We removed the MRE sample and fixed a touch screen device to the slide platform. The solenoid was also replaced with the spherical actuator. No further modifications were made to the experimental setup. In the experiment, four levels of pre-pressures of 1, 3, 5, and 7 N were respectively set between the MRE ball and the touch screen by vertically moving the force/torque sensor. Then, the current applied to the coil was gradually increased from 0 to 1 A, and the slide platform was driven to move at the speed of 40 mm/s. When the MRE ball just changes from turning on the touch screen to sliding, the corresponding lateral force is the maximum kinetic friction force of the MRE ball and the touch screen at this pre-pressure level. Since it is impossible to accurately judge the movement state of the MRE ball on the touch screen during the experiment, we obtain the maximum kinetic friction force based on the data recorded by the force/torque sensor. Ten measurements were made for each pre-pressure level. The measured value for each measurement is the average of the lateral forces recorded by the force/torque sensor during the steady motion of the slide platform. The experimental results are shown in Fig. 16 .
In Fig. 16 , the lateral force of the actuator increases linearly with increasing pre-pressure. The slope of the linear fit is 0.59, which serves as the maximum coefficient of friction between the MRE ball and the touch screen. Therefore, the MRE-based spherical actuator has a wide range of friction display capability.
B. EXPERIMENT 2: DISPLAY THE FRICTION CHARACTERISTICS ON THE TOUCH SCREEN
This experiment objectively evaluated the performance of the spherical actuator by displaying the frictional features of the virtual surface on the touch screen. Considering the maximum friction coefficient between the MRE ball and the touch screen, we selected four virtual surfaces with kinetic friction coefficients of 0.1, 0.25, 0.4, and 0.55, respectively, and the kinetic friction coefficient was set to 90 percent of the static friction coefficient. The Karnopp friction model was employed to calculate the Coulomb friction generated by interaction with the virtual surface [32] . The experimental setup is shown in Fig. 17 . The touch screen device was fixed to the flat plate, and the lower portion of the flat plate was screwed to four sliders that can slide freely on the smooth guide rail. A digital force gauge (ZTS-50N, Imada Inc.) with a force measurement range from -50 to 50 N and a resolution of 0.01 N was also fixed on the test bench. The probe of the force gauge was connected to the plate by a wire rope. The experiment used the force sensor integrated in the hand-held device and the ZTS-50N to separately detect the experimenter's pressing force and the lateral force provided by the spherical actuator, and monitored the moving speed of the hand-held device through the touch screen device. During the experiment, the hand-held device first established a data connection with the touch screen device via Bluetooth. An experimenter selected one of the four virtual surfaces and held the hand-held device sliding horizontally on the touch screen in a manner perpendicular to the touch screen. The experimenter was able to slide in a straight line at the pressure and speed he was used to. Fig. 18 shows the pressing force, lateral force and velocity data recorded when the spherical actuator steady slides on the touch screen for 2 seconds, as well as the actual displayed friction coefficient calculated from these data.
It can be seen from Fig. 18 that for all levels of friction coefficient, the lateral force provided by the spherical actuator can well follow the trend of the target lateral force. At the same time, all of the friction coefficient actually displayed oscillate around the target friction coefficient in a small range. Therefore, the experimental results show that the spherical actuator can effectively display the friction characteristics of the virtual surface.
C. EXPERIMENT 3: FRICTION DISCRIMINATION TASK
To evaluate the performance of the spherical actuator in helping subjects perceive virtual surface friction characteristics, we performed a psychophysical experiment based on the Just Noticeable Difference (JND) and the Weber fraction (WF).
1) PARTICIPANTS AND APPARATUS
Ten right-hand subjects (4 females, Age: 24 ± 2.3, mean ± SD) participated in the experiment. None of the subjects reported any deficiencies in their perception abilities and they did not know the purpose of this study. Experimental apparatus includes the hand-held device and a Samsung tablet PC. Before the formal experiment, an application example was used to familiarize subjects with the usage of the device and to make them feel the characteristics of lateral force feedback. The experimental procedure was approved by our university ethics committee.
2) METHODS
The experiment simultaneously presented two virtual surfaces on the touch screen, where one surface with a constant coefficient of friction was used as the reference surface, and the other surface with an adjustable coefficient of friction was used as the comparison surface. The Karnopp friction model was employed on both surfaces to calculate Coulomb friction, and they were all rigid surfaces. According to the test results in Sections V-A and V-B, the experiment utilized the friction coefficients of five levels of 0.1, 0.2, 0.3, 0.4, and 0.5 as the kinetic friction coefficient of the reference surface, and the kinetic friction coefficient was set to 90 percent of the static friction coefficient.
The experiment employed the 1-up, 1-down adaptive staircase method and the two-alternative forced-choice paradigm to measure JND [33] , [4] . Among them, for the friction coefficient levels of 0.1 and 0.2, the friction JND was measured using the descending sequence, and the ascending sequence was used for the other three. To reduce the number of trials for each staircase procedure and to improve the accuracy of JND measurement, the friction coefficient of the comparison surface varied by 20 percent of the reference stiffness value before the first reversal. After the first reversal, the step size is reduced to 10 percent and reduced to 5 percent after the fourth reversal. When the reversal occurred 10 times or the total trial number reached 50, a staircase procedure ends.
3) PROCEDURES
During the experiment, the tablet PC was placed horizontally on the table. A subject sat in front of the table and worn headphones playing white noise to mask auditory cues. VOLUME 7, 2019 FIGURE 18. The data recorded in the experiment when the spherical actuator steadily slides on the touch screen for 2 seconds, as well as the actual displayed friction coefficient calculated from these data. F n is the user's pressing force (the gravity of the hand-held device has been removed), F tar l is the target lateral force calculated from F n and the friction coefficient of the virtual surface, F meas l is the measured lateral force, v is the moving speed, λ tar is the friction coefficient of the virtual surface, and λ meas is the friction coefficient actually displayed. This experiment did not require the subject to wear an eye patch. For each trial, the subject held the device and slid in a straight line on the touch screen at the pressure and speed that he or she was accustomed to. By sensing the lateral force feedback of the reference surface and the comparison surface multiple times within 2 minutes, the subject was asked to answer which surface had greater friction. The friction coefficient of the comparison surface was adjusted according to the subject's response. During the perception, the force sensor detected the subject's pressing force in real time, and the lateral force provided by the spherical actuator dynamically changed according to the product of the pressing force and the friction coefficient. The five levels of friction coefficient were presented in a random manner. Each subject needed to continuously complete the perception of the five levels of friction coefficient. Subjects were able to rest during the experiment.
4) RESULTS
According to the above experimental procedure, the measured JND and WF were counted as shown in Fig.19 . In the figure, the measured JND increases approximately linearly with the increase of the friction coefficient, and the error line also tends to become larger, which is consistent with the expected behavior of human perception ability to scale with the change of stimulus magnitude [5] . However, the measured WF decreases nonlinearly as the friction coefficient increases. By performing one-way ANOVA and post hoc Tukey HSD multiple comparison test (α = 0.05), the results showed that different friction coefficient levels had a highly significant effect on friction WF (F(4, 45) = 9.795, p < 0.001). Specifically, there was a significant difference between 0.1 and 0.3 (p = 0.001). There was a highly significant difference between 0.1 and 0.4, and between 0.1 and 0.5 (p < 0.001). In addition, there was also a certain difference 
D. DISCUSSION
This section provides a comprehensive assessment of the performance of the spherical actuator through physical measurements and psychophysical experiment. Experiment 1 determined that the spherical actuator displays a maximum friction coefficient of 0.59 on the touch screen, which is higher than 0.52 of [16] , but lower than the friction coefficient display range of 0.1-0.9 of [6] . Although the actuator has a lateral force caused by mechanical friction, since the minimum kinetic friction coefficient between the actuator and the touch screen decreases as the pre-pressure increases, we cannot determine the minimum kinetic friction coefficient as a specific value.
In Experiment 2, the spherical actuator is capable of changing its lateral force according to the control command and controlling the force deviation within a small range. Fig. 18(d) shows a phenomenon in which the actually displayed friction coefficient fluctuates sharply around the target friction coefficient. This is because the lateral force pro-vided by the spherical actuator exceeds the maximum friction between the MRE ball and the touch screen for some time period, causing the MRE ball to slide over the touch screen rather than rolling.
In Experiment 3, except for the virtual surface with a friction coefficient of 0.1, the friction WF measured on the virtual surface of other friction coefficient levels is consistent with the conclusion obtained by friction discrimination in previous studies using other devices (10-27 percent) [5] , [33] . However, it should be noted that this range does not seriously consider the case where the coefficient of friction is 0.1. In summary, from the objective and subjective experiment results of the spherical actuator displaying the virtual surface friction feature on the touch screen, it can be seen that the structural design of the spherical actuator is reasonable and the lateral force control method is effective.
Further, in Fig. 18 , the pressing force applied by the experimenter gradually decreases as the surface friction coefficient increases. Since we did not limit the pressure exerted by the experimenter during lateral movement, the maximum lateral force experienced by the experimenter was close to 3 N . Table 2 lists the lateral force feedback performance of existing haptic interfaces. It can be seen that in addition to the 13.7 N of [14] , the spherical actuator designed in this study has a lateral force output capability of 4.608 N , which is higher than most existing haptic interfaces. Although most of the studies provide smaller lateral forces that allow the subject to perceive and distinguish the frictional properties of the virtual surface, we encourage subjects to perceive friction in Experiment 3 by greater lateral force feedback. There are mainly the following considerations. Firstly, as can be seen from Fig. 14 , the minimum lateral force of the spherical actuator due to mechanical friction is 0.416 N at the exploration speed of 70 mm/s which the experimenter is accustomed to use. If the experimenter applies a small pressing force, such as less than 4.16 N , the MRE ball may slide over the touch screen instead of rolling for a virtual surface with a friction coefficient less than or equal to 0.1. Secondly, in Experiment 3, for a surface with a small friction coefficient, the variation range of lateral force feedback that is too small will affect the subject's judgment of the difference in friction coefficient between the reference surface and the comparison surface. This may be the reason why the measured friction WF is large when the coefficient of friction is 0.1. The use of a larger pressing force increases the range of lateral force feedback. Finally, when a subject uses the hand-held device to sense the friction feature, the kinesthetic feedback obtained by the proximal interphalangeal joint is used to determine the change in the lateral force, and the skin tactile feedback is rarely obtained. Although skin tactile feedback significantly improves human's ability to sense friction [5] , for haptic devices that do not provide skin tactile feedback, increasing the magnitude of lateral force feedback will be an effective way to compensate for this shortcoming [34] .
VI. CONCLUSION AND FUTURE WORK
This paper presents a spherical actuator-based hand-held device for touch screen application. The device is a self-contained system that is compact and portable. In addition, since the spherical actuator can directly interact with the touch screen without modifying the touch screen device, the device has the advantage of versatility. To achieve direct interaction with the touch screen, the proposed spherical actuator is designed with MRE. The MRE has characteristics of softness, electrical conductivity, and magnetically conductive. These features are key to the ability of the spherical actuator to produce a wide range of variable lateral forces on the touch screen.
We first introduced the structural design and working principle of the spherical actuator, and described the production and performance testing of MRE. Using the relative permeability and surface friction characteristics of the MRE, and based on the derived lateral force computational model, FEA was used to optimize and determine the structural parameters of the spherical actuator. Then, we made a prototype of the spherical actuator and obtained a current-based lateral force control method according to calibration tests. Finally, we conducted a comprehensive performance evaluation of the spherical actuator through physical measurements and psychophysical experiment. Experiment 1 shows that the maximum friction coefficient between the spherical actuator and the touch screen reaches 0.59. In Experiment 2, the lateral force of the spherical actuator can well follow the trend of the target lateral force, thus achieving the display of the virtual surface friction coefficient. In Experiment 3, in addition to the virtual surface with a friction coefficient of 0.1, the average of 23.06 percent friction WF indicates that the spherical actuator can help subjects perceive and distinguish the frictional features of the virtual surface. The effectiveness of the proposed spherical actuator in interacting with the touch screen and displaying the virtual surface friction characteristics was demonstrated by the above experiments.
In subsequent research, improving the MRE and the MRE ball is important to improve the performance of the spherical actuator. For example, when making MRE, increasing the mass fraction of CIPs and selecting CIPs with a larger particle diameter can increase the relative permeability of MRE [24] . These improved methods will simultaneously improve the MR effect of the MRE [22] , [35] . However, how these improvements affect the surface friction coefficient of MRE requires further research. Furthermore, reducing the thickness of the MRE will be an effective way to reduce the energy consumption and volume of the actuator. However, this reduces the contact area between the MRE ball and the touch screen, and may result in a reduction in the maximum kinetic friction coefficient between the spherical actuator and the touch screen. Therefore, in order to design a high-performance spherical actuator with large force-tovolume ratio and low energy consumption, it is necessary to comprehensively consider various factors in the production of MRE, and select the appropriate MRE thickness.
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